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As  global  energy  demand  rises,  natural  gas  (NG)  plays  an  important  strategic  role  in  energy  supply. 
Natural  gas  is  the  cleanest  fossil  fuel  that  has  been  investigated  extensively  for  use  in  spark-ignition  (SI) 
and  compression-ignition  (Cl)  engines.  This  paper  reviews  the  research  on  the  effects  of  natural  gas 
composition  on  combustion  and  emission  characteristics  of  natural  gas  fueled  internal  combustion 
engines  (ICEs)  and  reports  the  most  achievements  obtained  by  researchers  in  this  field.  It  has  been 
reported  that  the  engine  performance  and  emission  are  greatly  affected  by  varying  compositions  of 
natural  gas.  The  most  important  NG  fuel  property  is  the  Wobbe  number  (WN).  Generally,  it  was  agreed 
by  researchers  that  the  fuels  with  higher  hydrocarbons,  higher  WN,  and  higher  energy  content  exhibited 
better  fuel  economy  and  carbon  dioxide  (C02)  emissions.  Nitrogen  oxides  (NOJ  emissions  were  also 
increased  for  gases  with  higher  levels  of  higher  WN,  while  total  hydrocarbons  (THCs),  carbon  monoxide 
(CO),  showed  some  reductions  for  these  gases.  On  the  other  hand,  particulate  matter  (PM)  emissions  did 
not  show  any  fuel  effects.  Moreover,  adding  of  small  fractions  of  higher  alkanes,  such  as  ethane  and 
propane,  significantly  improved  ignition  qualities  of  natural  gas  engines.  The  results  presented  provide  a 
good  insight  for  researchers  to  pursue  their  future  research  on  natural  gas  fueled  ICEs. 
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1.  Introduction 

In  recent  years,  shortages  of  crude  oil,  increasing  of  fossil  fuel 
prices  and  the  tightening  of  environmental  regulations  have  led  to 
development  of  alternative  fuels  application  in  internal  combustion 
engines.  Natural  gas  is  one  of  such  fuels  available  in  large  quantities 
in  many  parts  of  the  world  at  attractive  prices.  Natural  gas 
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consumption  is  forecasted  to  be  doubled  between  2001  and  2025, 
with  the  most  robust  growth  in  demand  expected  among  the 
developing  nations  [1].  As  shown  in  Fig.  1,  the  share  of  NG  has  been 
progressively  increased  within  the  energy  market  in  the  past  three 
decades  [2],  Natural  gas  is  a  potential  alternative  to  conventional 
liquid  fuels  (i.e.  gasoline  and  diesel)  for  use  in  automotive  engines 
[3-7],  Natural  gas  is  a  mixture  of  various  hydrocarbon  molecules. 
Commercial  natural-gas  compositions  vary  from  85%  to  96% 
methane.  NG  also  contains  heavier  hydrocarbons  such  as  ethane 
(C2H6),  propane  (C3H8),  and  butane  (C4H10),  and  inert  diluents  such 
as  molecular  nitrogen  (N2)  and  carbon  dioxide  (C02).  Sulfur  com¬ 
pounds  and  other  hydrocarbon  species  are  also  available  within  NG. 


http://dx.doi. org/10.1016/j.rser.2014.05.080 
1364-0321/©  2014  Elsevier  Ltd.  All  rights  reserved. 
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Nomenclature 

EOBE 

effective  on-board  energy 

TWC 

three-way  catalyst 

PN 

particle  number 

CP 

combustion  potential 

<P 

equivalence  ratio 

HHV 

higher  heating  value 

LHV 

lower  heating  value 

Abbreviations 

SG 

specific  gravity 

IANGVs 

international  association  for  natural  gas  vehicles 

SI 

spark  ignition 

LPG 

liquefied  petroleum  gas 

Cl 

compression  ignition 

HCCI 

homogeneous  charge  compression  ignition 

NG 

natural  gas 

A/F  ratio 

air-fuel  ratio 

ICE 

internal  combustion  engines 

soc 

start  of  the  combustion 

THC 

total  hydrocarbon 

TDC 

top  dead  center 

NOx 

nitrogen  oxides 

nh3 

ammonia 

PM 

particulate  matter 

CA 

crank  angle 

NMHC 

non-methane  hydrocarbons 

BSFC 

brake  specific  fuel  consumption 

HCHO 

formaldehyde 

BMEP 

brake  mean  effective  pressure 

CNG 

compressed  natural  gas 

Dl 

direct  injection 

NGV 

natural  gas  vehicles 

IDI 

indirect  injection 

WN 

Wobbe  number 

DF 

dual  fuel 

MN 

methane  number 

RTC 

refuse  truck  cycle 

CARB 

California  air  resources  board 

CBD 

central  business  district 

RPM 

revolutions  per  minute 

FTP 

federal  test  procedure 

WOT 

wide  open  throttle 

DME 

dimethyl  ether 

EGR 

exhaust  gas  recirculation 

The  geographical  source,  time  of  year,  and  treatments  applied  during 
production  or  transportation  have  great  influence  on  levels  of  these 
species  [8-12],  The  typical  composition  of  natural  gas  in  percentage 
is  illustrated  in  Fig.  2.  Therefore,  natural  gas  does  not  describe  a 
single  type  of  fuel  or  a  narrow  range  of  characteristics. 

Natural  gas  is  a  clean  burning  fuel  as  compared  to  the  conven¬ 
tional  liquid  fuels  like  diesel  or  gasoline.  It  has  a  high  octane 
number  and  therefore  it  is  suitable  for  engines  with  relatively  high 
compression  ratio.  It  has  a  high  self-ignition  temperature,  so  it 
requires  intense  source  of  energy  to  enable  combustion,  i.e.  glow 
plug,  spark  plug  or  pilot  liquid  fuel.  It  mixes  rapidly  with  air  to 
form  homogenous  air  fuel  mixture  for  efficient  combustion  inside 
engine  cylinder  and  substantial  reduction  in  harmful  emissions 
[13,14],  A  number  of  research  works  have  been  conducted  in  the 
literature  on  utilization  of  natural  gas  in  SI  and  Cl  engines. 
Comparing  natural  gas  and  diesel  engine  emissions,  it  was  found 
that  natural  gas  fueled  SI  engine  emissions  of  total  hydrocarbon 


(THC),  nitrogen  oxides  (NOx),  and  particulate  matter  (PM) 
were  significantly  lower  than  that  of  the  diesel  fueled  engine. 
In  addition,  another  study  showed  that  natural  gas  SI  engines  have 
the  potential  to  achieve  a  reduction  in  carbon  monoxide  (CO),  C02, 
NOx,  and  non-methane  hydrocarbon  emissions  compared  to 
gasoline  engine  emissions  [5,15-18],  The  number  of  compressed 


0.3%  ^  0.06% 

i.36% _ A  r°'78%^5-2% 

■  Methane 

■  Ethane 

■  Propane 

■  Butane 

■  Pentane 

■  Carbon  Dioxide 
Nitrogen 

Fig.  2.  Typical  natural  gas  composition  by  volume. 


Table  1 

Properties  of  natural  gas,  gasoline  and  diesel  fuels  [18]. 


Fuel  property 


Chemical  formula 
Molar  mass  (g/mole) 

Carbon  content  (%) 

Hydrogen  content  (%) 

Oxygen  content  (%) 
Carbon-to-hydrogen  ratio 
Cetane  number 
Octane  number 
Auto-ignition  temperature  (K) 
Stoichiometric  air/fuel  mass  ratio 
Boiling  point  at  1  atm  (K) 

Lower  heating  value  (MJ/kg) 
Liquid  density  (kg/m3) 


Gasoline 

Diesel 

CNG 

C„-C12 

C„-C12 

ch4 

114 

170 

19 

85 

86 

75 

15 

14 

25 

0 

0 

0 

0.54 

0.516 

0.25 

5-20 

40-50 

- 

86-94 

- 

>  120 

533 

483 

853 

14.7 

14.6 

17.2 

300-498 

450-643 

111.4 

43.44 

42.5 

47.14 

737 

831 

465 

Fig.  1.  The  share  of  World  energy,  past,  present  and  future  [2]. 
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natural  gas  (CNG)  vehicles  is  continuously  growing,  and  old 
vehicles  are  being  converted  into  CNG  vehicles  through  engine 
modifications.  Globally,  natural  gas  powers  about  15.2  million 
vehicles  worldwide.  Natural  gas  vehicles  (NGVs)  running  on  CNG 
are  appropriate  cases  for  high-mileage,  centrally-fueled  fleets  that 
operate  within  a  limited  area  [19],  Table  1  lists  the  properties  of 
natural  gas,  gasoline  and  diesel  fuels  [20],  Typical  combustion 
properties  of  natural  gas  are  given  in  Table  2  [21], 

Due  to  the  fact  that  the  various  compositions  of  natural  gas  will 
affect  the  power  and  emission  characteristics  of  vehicles,  studying 
the  effect  of  natural  gas  composition  on  performance  and  emission 
characteristics  of  natural  gas  fueled  internal  combustion  engines 
become  one  of  the  utmost  important  research  directions  for 
engine  researchers.  The  effect  of  fuel  composition  on  the  combus¬ 
tion  process  and  on  the  emissions  from  natural-gas  fueled  engines 
has  been  addressed  in  both  fundamental  and  applied  studies.  The 
majority  of  the  research  has  been  focused  on  lean  burn  spark- 
ignition  engines,  which  are  currently  the  predominant  form  of 
natural-gas  engines.  This  paper  deals  with  reviewing  the  research 
works  on  effect  of  natural  gas  composition  in  CNG  engines,  and 
reports  most  of  the  achievements  obtained  during  the  process  in 
order  to  make  them  known  to  the  world  and  identifies  the 
challenges  and  opportunities  for  future  research. 


2.  Natural  gas  composition 

As  mentioned  before,  natural  gas  is  not  a  homogeneous  mixture, 
but  varies  in  composition  which  is  highly  dependent  on  the  produc¬ 
tion  area,  season,  and  climate.  Therefore  its  thermodynamics  proper¬ 
ties  are  dependent  on  its  components.  To  obtain  the  thermodynamics 
properties  accurately,  the  effect  of  the  gas  compositions  must  be  also 
considered.  Table  3  demonstrates  the  mole  fraction  of  natural  gas 
extracted  from  various  region  of  Iran.  Variations  occur  between  the 
originating  fields  and  may  be  attributed  to  the  processing  prior  to 
transmission.  Moreover,  additional  mixing  of  different  gases  occurs 
during  pipeline  transmission  [22,23], 


Table  2 

Typical  combustion  properties  of  natural  gas  [19], 


Ignition  point 

876  K 

Theoretical  flame  temperature 

2233  K 

(stoichiometric  air-to-fuel  ratio) 

Maximum  flame  velocity 

0.3  m/s 

Water  vapor  content 

16-32  mg/m3 

Sulfur  content 

5.5  mg/m3 

Higher  heating  value  (dry  basis) 

36.0-40.2  MJ/m3 

Table  3 

Mole  fraction  of  natural  gas  extracted  from  various  region  of  Iran  [22], 


Component  Mole  fraction  (%) 


Khangiran  Kangan  Pars  Bidboland 


CH„ 

98.6 

90.04 

87 

85.01 

c2h6 

0.59 

3.69 

5.4 

9.38 

c3h8 

0.09 

0.93 

1.7 

3.49 

i-C4H10 

0.02 

0.2 

0.3 

0.34 

11-C4H 10 

0.04 

0.29 

0.45 

0.65 

i-C5H12 

0.02 

0.14 

0.13 

0.1 

n-C5H12 

0.02 

0.08 

0.11 

0.09 

n-C()H  14 

0.07 

0.14 

0.07 

0.09 

c7+ 

0 

0.01 

0.03 

0 

n2 

0.56 

4.48 

3.1 

0.44 

co2 

0 

0 

1.85 

0.41 

The  performance  and  emissions  of  gas  engines  depend  on  good 
ignition,  optimum  combustion  rate,  high  knock  resistance,  and  a 
sufficient  energy  content  of  the  fuel  mixture.  Some  fuel  properties 
such  as  density,  heating  value,  the  stoichiometric  air-fuel  ratio  and 
knock  resistance  are  important  in  relation  to  engine  performance 
when  using  natural  gas  as  a  fuel.  Current  research  on  the  natural 
gas  vehicles  found  that  the  engine  performance  and  emission  are 
greatly  affected  by  varying  compositions  of  natural  gas.  It  was  also 
reported  that  the  heating  value,  efficiency,  and  concentration  of 
un-burnt  hydrocarbon  and  other  emission  particles  would  highly 
depend  on  the  source  of  supply  of  natural  gas  as  the  main  fuel 
[24,25],  Ly  [26]  also  mentioned  that  this  effect  is  especially 
dominant  in  heavy-duty  engines  with  high  compression  ratio 
applications  due  to  the  increased  amount  of  engine  “knocking”. 

The  two  primary  factors  that  affect  emissions  and  directly  describe 
the  general  characteristics  of  natural  gas  include  the  methane  number 
and  the  Wobbe  number  (WN)  or  Wobbe  index  (WI).  The  methane 
number  (MN)  is  a  good  measure  because  it  is  the  dominant  compo¬ 
nent  in  natural  gas.  In  addition,  the  anti-knock  property  of  natural  gas 
fuel  can  be  expressed  as  methane  number.  Pure  methane  has  a 
methane  number  of  100,  and  pure  hydrogen  has  a  methane  number 
of  0.  The  methane  number  of  the  mixture  is  defined  as  the  percentage 
of  methane  in  a  methane-hydrogen  mixture.  This  is  similar  to  the 
scale  used  for  octane  number  of  gasoline.  Octane  number  is  not  an 
appropriate  scale  for  natural  gas  since  the  octane  scale  only  goes  up  to 
120,  and  methane  has  an  octane  number  in  excess  of  120.  Since,  the 
methane  number  of  various  natural  gas  compositions  can  vary 
considerably,  there  may  be  a  problem  with  knock  in  some  engines 
[27],  The  determination  of  the  methane  number  of  a  fuel  is  conducted 
under  a  prescribed  engine  test.  During  the  test,  the  compression  ratio 
of  the  engine  is  increased  until  knock  is  detected.  Mixtures  of  methane 
and  hydrogen  are  then  run  into  the  engine.  The  mixture  that  produces 
knock  at  the  same  compression  ratio  as  the  fuel  being  tested 
determines  the  methane  rating  of  that  fuel.  The  time  and  cost 
associate  with  performing  the  test  makes  this  approach  impractical. 
Two  mathematical  alternative  methods  to  determine  methane  num¬ 
ber  of  the  gas  composition  are  the  California  air  resources  board 
(CARB)  method  and  Anstalt  fur  Verbrennungskraftmaschinen  (AVL) 
method.  The  AVL  method  uses  a  proprietary  program  to  calculate 
methane  number,  but  the  CARB  method  uses  the  following  equations 
[28,29]: 

MON  =  406.14  + 508.04(H/C)-173.55(H/C)2  +  20.17(H/C)3  (1) 


MN  =  1.624  x  MON-119.1 


(2) 


The  WN  is  a  measure  of  the  fuel  energy  flow  rate  through  a  fixed 
orifice  under  given  inlet  conditions.  It  is  calculated  as  the  ratio  of  the 
heating  value  divided  by  the  square  root  of  the  specific  gravity. 
Variations  in  WN  of  the  gas  will  produce  similar  variations  in  the 
air-fuel  ratio  for  gas  metering  systems  used  on  vehicles.  Generally,  the 
WN  is  a  good  criterion  for  natural  gas  because  it  correlates  well  with 
the  ability  of  an  internal  combustion  engine  to  use  a  particular  gas.  It 
also  takes  into  account  many  of  the  gas  components  because  it  is  a 
bulk  property  [25], 

Values  for  Wl  and  the  combustion  potential  (CP)  have  been 
calculated  using  Eqs.  (3)  and  (4),  where  the  CP  is  a  value  that  can 
provide  the  theoretical  burning  velocity  of  a  mixed  gas  based  on 
the  burning  velocity  of  hydrogen. 


I  UW 

Wl  =  . _ or  WN  = 

x/SG 


HHV 

v/SG 


(3) 


cp  =  fH2  +  0.6(CQ  +  CmHn)  +  0.3CH4 

VSG 

k  is  correction  factor  adjusted  by  the  02  concentration  in  the  fuel. 
In  Eqs.  (3)  and  (4),  lower  heating  value  (LHV)  and  specific  gravity 
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(SG)  denote  the  lower  heating  value  and  specific  gravity  of  the  gas, 
respectively  [30], 

3.  Implication  of  natural  gas  composition  in  ICEs 

Currently,  more  than  17  million  NGVs  and  about  20,000 
stations  exist  worldwide  and  NGV  Global  (IANGV)  is  projecting 
that  this  will  increase  to  50  million  vehicles  by  2020  with  annual 
growth  rate  of  3.7%.  Natural  gas  is  the  second  most  widely  used 
alternative  fuel  (after  LPG).  With  annual  growth  of  approximately 
25%  from  2001  to  2011,  transportation  use  of  natural  gas  is 
increasing  in  both  established  and  new  markets.  By  the  end  of 
2012,  Iran  had  the  world's  largest  fleet  of  NGV  at  3.30  million 
vehicles  [  14,31). 

NGVs  can  be  dedicated  to  natural  gas  as  a  fuel  source  or  they 
can  be  bi-fueled,  running  on  either  natural  gas  or  gasoline,  or 
natural  gas  or  diesel.  Because  most  natural  gas  engines  are  spark- 
ignited,  the  usual  bi-fuel  pairing  is  natural  gas  and  gasoline.  NG 
engine  technologies  differ  in  the  method  used  to  ignite  the  fuel  in 
the  engine  cylinders,  the  air-fuel  ratio,  the  compression  ratio,  and 
the  resulting  performance  and  emissions  capabilities.  Various 
types  of  natural  gas  engine  technologies  have  been  developed 
including  spark-ignition  stoichiometric,  spark-ignition  lean  burn, 
compression-ignition  dual-fuel  (with  diesel  for  pilot  ignition)  and 
homogenous  charge  compression  ignition  (HCC1)  engines  [32-35], 
The  detailed  information  about  natural-gas  fueled  spark-ignition 
and  compression-ignition  engines  can  be  found  in  Ref.  [11], 

Khalil  and  Karim  [36]  studied  the  effect  of  variations  in  the 
composition  of  natural  gas  on  the  ignition  and  combustion  pro¬ 
cesses  in  engines  with  emphasis  on  changes  in  the  relatively  small 
concentrations  of  high  molar  mass  alkanes  that  may  be  present  in 


the  fuel.  They  found  that  the  presence  of  small  concentration  of 
n-heptane  with  methane  can  produce  very  substantial  changes  in  its 
auto-ignition  and  combustion  characteristics.  Fig.  3  shows  the 
relative  variations  in  the  reactivity  of  the  different  natural  gases.  It 
is  apparent  that  the  fluctuations  in  their  composition  produce 
different  levels  of  reactivity  leading  to  auto-ignition.  The  composi¬ 
tion  designated  as  No.  9,  produced  the  fastest  reactions,  while  No. 
4  had  the  lowest.  A  comparison  of  the  relative  reactivity  of  the  fuel 
mixtures  showed  that  although  the  relative  concentration  of 
methane  varied  by  only  two  percent,  the  reactivity  of  these  fuel 
mixtures  varied  very  significantly  as  a  result  of  the  variations  in  the 
concentrations  of  their  other  components  indicating  the  important 
role  played  by  these  higher  hydrocarbons. 

According  to  the  literature  review,  all  of  the  research  done  on 
investigating  natural  gas  composition  effects  on  ICEs  have  been 
conducted  on  SI,  Cl,  dual  fuel  and  HCC1  engines. 

3.3.  Natural  gas  composition  effects  in  SI  engines 

The  earliest  research  on  implication  of  natural  gas  composition 
in  SI  engines  should  be  traced  back  to  the  middle  of  1980s,  when 
natural  gas  was  employed  as  the  secondary  fuel  in  gasoline  engine. 
Elder  et  al.  [37]  carried  out  experimental  and  theoretical  investi¬ 
gations  at  the  University  of  Auckland  to  determine  the  effects  of 
varying  fuel  compositions  on  vehicle  fuel  consumption,  power 
output  and  pollutant  emissions.  They  conducted  the  experiments 
on  a  chassis  dynamometer  over  the  urban  cycle  of  NZS  5420:1980 
at  steady  speeds  of  50  km/h  and  80  km/h  and  at  a  number  of 
engine  speed  and  power  conditions.  For  the  two  LPG  fuels 
used,  with  compositions  varying  between  64%  and  94%  propane, 
they  observed  little  difference  in  vehicle  power  output  and  fuel 


1  2 

3 

4 

5 

6 

7 

8 

9 

N, 

4.83 

5.42 

0.84 

3.53 

3.91 

3.91 

2.56 

2.49 

4.32 

ch4 

86.16 

86.00 

89.% 

88.34 

87.81 

87.61 

88.74 

87.99 

85.2 

CO, 

1.14 

0.98 

1.41 

1.08 

1.07 

1.23 

1.28 

1.42 

1.45 

cui* 

5.43 

5.47 

5.38 

5.27 

5.30 

5.30 

5.64 

5.82 

6.06 

C,H„ 

1.70 

1.58 

1.92 

1.29 

1.36 

1.29 

1.39 

1.67 

2.13 

i-C4H10 

0.19 

0.18 

0.13 

0.13 

0.16 

0.17 

0.11 

0.16 

0.19 

n- 

0.30 

0.31 

0.28 

0.21 

0.24 

0.28 

0.18 

0.29 

0.35 

c4H,„ 

i-C;H,, 

0.08 

0.08 

0.00 

0.05 
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Fig.  3.  Variation  in  the  temperature-time  development  for  the  various  natural  gas  compositions  [36], 
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consumption.  For  the  two  CNG  fuels  used,  with  compositions 
varying  between  81%  methane  and2.5%  C02,  2.3%  N2  and  73% 
methane,  and  12%  C02  and  2.7%  N2  there  were  significant  differ¬ 
ences  in  many  aspects  of  vehicle  performance.  King  [38]  analyzed 
the  impact  of  natural  gas  fuel  composition  on  fuel  metering  and 
engine  operational  characteristics.  He  developed  a  fuel  metering 
model  to  analyze  the  impact  of  fuel  composition  on  carbureted, 
premixed,  and  direct-injected  engine  configurations.  The  change 
in  physical  properties  of  the  fuel  was  found  to  have  a  profound 
effect  on  fuel  metering  characteristics.  He  found  that  fuel  compo¬ 
sition  affects  different  fuel  metering  configurations  differently,  but 
these  variations  were  minor  compared  to  the  fuel  property  effects. 
Moreover,  he  reported  that  fuel  composition  also  affects  the  lean- 
flammability-limit  of  the  mixture  which,  when  combined  with 
fuel  metering  variations,  can  cause  a  lean-burn  engine  to  misfire. 
Also,  fuel  temperature  variations  affected  fuel  metering  and  must 
also  be  considered.  The  results  indicated  that  closed-loop  mixture 
control  is  essential  for  stoichiometric  engines  and  very  beneficial 
for  lean-burn  engines. 

Thiagarajan  et  al.  [39]  experimentally  investigated  effect  of 
vaiying  gas  composition  on  the  performance  and  emissions  of  a  SI 
engine.  The  pipeline  natural  gas  composition  was  varied  by  adding 
volumes  of  propane  (up  to  20%)  or  nitrogen  (up  to  15%).  They 
found  that  brake  power,  fuel  conversion  efficiency  and  before 
catalyst  emissions  of  CO,  NOx  and  hydrocarbons  were  not  affected 
by  propane  addition  as  long  as  stoichiometric  combustion  was 
maintained.  In  addition,  nitrogen  addition  at  the  stoichiometric 
condition  significantly  reduced  before  catalyst  NOx  emissions  and 
increased  after  catalyst  CO  emissions. 

A  survey  of  the  CNG  compositions  within  NGV  driving  range  of 
Houston  was  performed  by  Matthews  et  al.  [40],  It  was  found  that 
the  statistics  for  the  Texas  CNGs  were  very  similar  to  those  from  a 
previous  national  survey.  In  addition,  two  extremes  of  CNG 
composition  were  chosen  for  a  study  of  the  effects  of  composition 
on  emissions,  fuel  economy,  and  driveability.  They  also  investi¬ 
gated  correlations  for  the  relationships  between  the  CNG  compo¬ 
sition  and  tailpipe  emissions,  fuel  economy,  and  driveability.  They 
stated  that  the  most  important  fuel  properties  were  the  mass- 
based  heating  value,  the  energy  density  per  cycle,  the  WN,  the  fuel 
methane-to-hydrocarbon  percentage,  and  the  product  of  the 
specific  gravity  and  the  mass-based  heating  value.  They  also 
showed  that  relatively  small  changes  in  the  fuel  CH4/HC  percen¬ 
tage  can  have  a  significant  effect  on  the  exhaust  non-methane 
hydrocarbons  (NMHCs)  emissions,  the  NMHC/THC  ratio,  and  the 
HCHO/NMHC  ratio.  It  was  also  concluded  that  substitution  of  CNG 
for  gasoline  should  produce  a  greenhouse  benefit  of  ~  19%.  At  last, 
it  was  shown  that  the  effects  of  CNG  composition  on  driveability 
are  minor. 

In  another  research,  the  effect  of  natural  gas  composition  on 
NOx,  flame  structure  and  burning  velocity  was  studied  computa¬ 
tionally  by  El-Sherif  [41  ].  The  results  showed  that  an  increase  of 
ethane  concentration  in  the  natural  gas  leads  to  an  increase  in  the 
lean  flammability  limit,  burning  velocity,  CO  and  NOx  at  very  lean 
flames. 

Lee  and  Kim  [42,43]  examined  the  effect  of  gas  composition  on 
vehicle  performance  such  as  fuel  economy,  driveability  and 
exhaust  emissions.  Analysis  was  made  using  three  types  of  NGVs 
which  were  manufactured  by  auto-makers  and  six  different  fuels 
which  were  selected  in  consideration  of  the  variation  in  fuel 
composition  on  the  worldwide  market.  These  results  might  be 
utilized  to  develop  natural  gas  engine  in  auto-maker.  They  found 
that  fuel  economy  is  proportional  to  lower  heating  value  of 
stoichiometric  unit  mixture,  and  the  difference  between  the 
highest  and  the  lowest  fuel  economy  due  to  fuel  composition 
change  was,  relatively  large,  about  25%.  Therefore,  it  is  preferable 
to  maintain  the  constant  fuel  composition  at  the  refueling  station. 


Also,  they  reported  that  gas  composition  variation  has  a  negligible 
effect  on  vehicle  driveability.  In  addition,  effects  of  gas  composi¬ 
tion  on  CO,  NOx,  CH4  and  THC  emissions  were  contrast,  then  it  is 
expected  that  design  target  or  emissions  standard  may  not  be 
cleared  because  any  emission  is  increased  while  the  other  is 
decreased  when  fuel  composition  is  changed.  Moreover,  since 
stoichiometric  A/F  ratio  varies  with  gas  composition,  it  follows 
that  actual  A/F  ratio  might  be  shifted  to  fuel-rich  or  fuel-lean  side 
which  resulted  in  excess  emissions  penalty  when  the  vehicle  was 
optimized  for  a  specific  gas  fuel.  Therefore,  it  is  preferable  to 
design  the  engine  parameters  to  compensate  the  variations  of  fuel 
composition  or  to  limit  the  gas  fuel  composition  at  the  refueling 
station  in  order  to  minimize  exhaust  emissions. 

Min  et  al.  [44]  made  experimental  investigations  to  study  the 
effects  of  the  difference  in  gas  composition  on  the  engine 
performance  and  emission  characteristics  of  a  1.5  L  gasoline 
engine.  The  results  indicated  that  THC  decreases  with  increasing 
WI  and  CP.  On  the  other  hand,  it  is  observed  that  NOx  slightly 
increases  as  WI  and  CP  increase.  They  proposed  the  TLHV  as  a 
potential  index  for  compatibility  of  gas  fuels  in  a  CNG  engine. 

Caillol  et  al.  [45]  presented  the  experimental  results  of  a  single 
cylinder  spark  ignition  engine  fueled  with  various  natural  gas 
compositions  in  lean  mixture,  and  described  a  numerical  model 
that  accounts  for  variations  in  concentrations  of  the  fuel  compo¬ 
nents.  Fig.  4  shows  the  numerical  calculated  mass  fraction  burned 
(xb)  and  combustion  rate  (dxb/d0)  at  lean  equivalence  ratio 
(<p=0.65)  for  the  four  compositions  of  fuels.  As  can  be  seen,  for 
lean  <p,  the  greater  ignition  delay  period  leads  to  retarding  of  start 
of  the  combustion  (SOC)  close  to  top  dead  center  (TDC).  The  main 
combustion  period  is  then  delayed.  The  burning  velocity  is  not 
enough  to  propagate  the  flame  in  the  whole  gaseous  fuel-air 
mixture  and,  consequently,  incomplete  combustion  may  take 
place  at  exhaust  valve  opens.  On  the  other  hand,  the  presence  of 
ethane  has  its  greatest  influence  during  the  earliest  stages  of 
combustion.  Their  results  demonstrated  the  beneficial  effect  of  the 
combined  presence  of  propane  and  ethane  in  the  gas  mixture  on 
burning  velocity  in  lean  mixtures.  Later,  Caillol  and  Berardi  [46] 
developed  a  simulation  tool  to  analyze  the  influence  of  gas 
composition  on  engine  performance  and  pollutant  emission  levels 
of  a  city-bus  gas  engine  operating  with  a  wide  variety  of  natural 
gases.  The  predictive  model  was  based  on  a  two-zone  thermo¬ 
dynamic  approach.  They  found  that  the  laminar  flame  speed  plays 
a  major  role  in  the  prediction  of  the  effects  of  the  gas  composition. 
Moreover,  they  reported  that  the  use  of  this  model  as  an  analysis 
tool  enables  to  compare  the  relative  influence  of  MN  against 
equivalence  ratio  variations  regarding  the  CA50:  a  variation  of 
10  MN  points  corresponds  to  a  variation  of  0.05-0.07  point  on  the 
equivalence  ratio. 

Some  research  works  have  been  performed  for  Southern 
California  Gas  Company  (SoCal  Gas)  in  order  to  determine  exhaust 
emissions  and  fuel  economy  of  different  compressed  natural  gas 
fuel  blends  with  various  fuel  MNs  and  WIs  running  under  various 
driving  cycles  in  light  duty  vehicles  [47-49].  Their  results  demon¬ 
strated  an  appropriate  path  for  future  researchers  to  pursue  their 
investigations  on  natural  gas  fueled  engines. 

The  performance  and  emission  characteristics  of  a  CNG  engine 
were  experimentally  investigated  under  different  natural  gas 
compositions  by  Ha  et  al.  [50].  They  found  that  when  the  higher 
heating  value  (HHV)  of  the  fuel  gas  was  reduced,  the  average 
power  and  thermal-efficiency  reductions  were  increased,  respec¬ 
tively.  Their  results  also  showed  that  emissions  of  C02,  CO,  and 
NOx  decreased  as  the  HHV  of  the  fuel  gas  was  lowered.  On  the 
other  hand,  the  emissions  of  THC  were  not  consistent,  and  the 
extent  of  change  in  their  emissions  was  small. 

Karavalakis  et  al.  [51]  investigated  the  implications  of  natural 
gas  composition  on  the  gaseous  pollutants,  fuel  economy,  and  the 


A.-H.  Kakaee  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  38  (2014)  64-78 


69 


GN 

G20 

C2 

C3 

Methane 

(vol.  %) 

92 

100 

90 

93 

Ethane 

(vol.  %) 

6.3 

10 

Propane 

(vol.  %) 

0.7 

7 

Butane 

(vol.  %) 

0.1 

Nitrogen 

(vol.  %) 

0.9 

Mol.  weight 

(g/mol) 

17.27 

16.04 

17.45 

18.01 

LHV 

(kJ/kg) 

48956 

50048 

49615 

49383 
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engine  power  output  of  two  light-duty  vehicles  (a  2002  Ford 
Crown  Victoria  and  a  2006  Honda  Civic  GX)  operated  over 
different  driving  cycles  (Federal  Test  Procedure  and  Unified  Cycle). 
The  results  of  their  study  revealed  that  for  modern  light-duty 
NGVs,  fuel  properties  have  a  clear  and  direct  impact  on  fuel 
economy  and  some  emissions  components,  such  as  C02  and 
NMHC,  but  not  for  other  emission  components,  such  as  THC, 
NOx,  and  CO.  The  results  showed  that  the  gases  with  the  higher 
energy  contents  provided  better  fuel  economy  on  a  volumetric 
basis  and  some  higher  power  levels.  Changes  in  C02  depended  on 
the  fuel/cycle/vehicle,  but,  generally,  blends  with  heavier  hydro¬ 
carbons  and  lower  H/C  ratios,  had  higher  C02  emissions.  THC 
emissions  showed  higher  emissions  for  the  fuel  with  the  higher 
levels  of  methane  for  the  Crown  Victoria,  but  no  trends  for  the 
Honda.  CO  emissions  were  higher  for  the  two  fuels  with  the 
highest  WNs  for  the  Honda  under  same  test  conditions,  including 
the  cold-start  phases  of  the  driving  cycles,  but  did  not  show 
significant  fuel  differences  for  the  Crown  Victoria.  Changing  fuel 
composition  impacted  NO*  emissions  showed  only  limited  fuel 
effects  for  the  two  vehicles. 

Kakaee  et  al.  [52]  studied  the  effects  of  six  different  natural  gas 
compositions  on  the  combustion  and  emission  characteristics  of 
EF7  CNG  engine  using  GT-POWER  software.  They  measured  engine 
power,  torque,  BMEP  and  BSFC  under  steady  state  operation 
conditions  at  full  load  conditions.  They  proposed  a  correlation 
between  the  MN  and  engine  power  to  estimate  engine  power 
when  the  composition  of  natural  gases  varies.  Javaheri  et  al.  [53] 
experimentally  and  numerically  studied  the  influence  of  natural  gas 
composition  on  knocking  combustion  in  SI  gas  engines  using  a 
zero-dimensional  model.  A  SI  single  cylinder  gas  engine  with 
variable  compression  ratio  was  used  for  experimental  observations. 


Four  different  natural  gas  compositions  were  used  for  the  investiga¬ 
tions.  The  simulated  results  were  in  good  agreement  with  the 
experimental  observations. 

3.2.  Natural  gas  composition  effects  in  Cl,  dual  fuel  and  HCCI  engines 

There  are  two  methods  for  converting  diesel  engine  to  utilize 
natural  gas  as  the  main  fuel.  The  first  method  is  to  utilize 
compressed  natural  gas  fully  in  diesel  engine  (known  as  the  CNG 
dedicated  conversion).  In  this  method,  the  engine  cylinder  head 
should  be  changed  to  implement  an  ignition  system  and  a  CNG 
injector.  The  second  method  is  the  dual-fuel  conversion  using  CNG 
as  the  main  fuel  and  pilot  diesel  fuel  to  start  combustion  and  ignite 
the  flame  of  the  CNG  in  the  combustion  chamber  [54], 

The  earliest  researches  on  evaluation  of  natural  gas  composi¬ 
tion  effect  in  Cl  engines  were  carried  out  at  the  beginning  of  1990s. 
However,  the  main  researches  were  done  since  the  end  of  2000s. 
Naber  et  al.  [55]  experimentally  and  computationally  studied  the 
effects  of  variations  in  natural  gas  composition  on  auto-ignition  of 
natural  gas  in  a  DI  diesel  engine  in  a  constant-volume  combustion 
vessel.  They  used  four  fuel  blends:  pure  methane,  a  capacity 
weighted  mean  natural  gas,  a  high  ethane  content  natural  gas, 
and  a  natural  gas  with  added  propane.  They  found  that  the 
measured  ignition  delays  were  the  longest  for  pure  methane  and 
became  progressively  shorter  as  ethane  and  propane  concentra¬ 
tions  were  increased.  Clark  et  al.  [56]  concluded  that  operation 
of  lean-burn  natural  gas  engines  can  be  optimized  with  the 
implementation  of  a  closed  loop  fuel  control  system,  in  terms  of 
reducing  emissions  while  maximizing  efficiency.  Such  a  system 
would  compensate  for  variations  in  fuel  composition,  but 
also  would  correct  for  variations  in  volumetric  efficiency  due  to 
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immediate  engine  history  and  long-term  engine  component  wear. 
A  closed  loop  control  system  on  a  medium-duty  lean-burn  engine 
will  enhance  performance  by  maintaining  the  desired  air-fuel 
ratio  to  eliminate  any  unwanted  rich  or  lean  excursions  that 
produce  excess  engine-out  emissions.  Such  a  system  can  also 
guard  against  internal  engine  damage  due  to  overheating  and/or 
engine  knock. 

Aesoy  and  Valland  [57]  investigated  the  influence  of  natural  gas 
composition  on  ignition  properties  in  a  Dl  hot  surface  assisted 
compression  ignition  engine.  They  tested  pure  methane  and 
several  natural  gas  mixtures  under  various  conditions  in  a  con¬ 
stant  volume  combustion  bomb  and  in  a  test  engine.  Ignition  delay 
and  cycle  to  cycle  variations  were  used  to  compare  the  combustion 
qualities  of  the  different  gas.  They  showed  that  even  small 
fractions  of  higher  alkanes,  such  as  ethane  and  propane,  signifi¬ 
cantly  improve  ignition  qualities  of  natural  gas.  In  addition, 
ignition  delay  can  vary  by  a  factor  of  2-3  for  natural  gas  when 
compared  to  pure  methane.  They  concluded  that  with  the  variable 
natural  gas  composition,  engine  operational  parameters  will  need 
to  be  adjusted  to  compensate  aggravating  ignition  qualities,  in 
order  to  prevent  efficiency  loss  or  even  ignition  failure. 

Graboski  et  al.  [58]  used  five  different  natural  gas  fuels  to 
determine  the  effect  of  natural  gas  composition  and  altitude  on 
regulated  emissions  and  performance  of  a  Cummins  B5.9G  engine. 
The  engine  was  a  lean-burn,  closed  loop  control,  spark  ignited, 
dedicated  natural  gas  engine.  Their  results  indicated  that  net 
energy  based  fuel  economy  was  not  effected  by  fuel  composition. 
CO  and  PM  emissions  were  unaffected  by  fuel  gas  composition. 
NOx  emissions  were  also  unaffected  by  fuel  composition.  THC 
trends  downwards  with  increasing  fuel  heating  value.  No  such 
trend  is  observed  for  NMHC.  Results  acquired  at  altitude  were 
compared  to  results  obtained  at  152  m  (500  ft).  Moreover,  the  test 
results  showed  rated  horsepower  and  peak  torque  could  be 
achieved  at  high  altitude.  Wide  open  throttle  torque  at  speeds 
below  peak  torque  speed  was  approximately  20%  lower  than  at  sea 
level,  which  is  in  proportion  to  the  difference  in  barometric 
pressure.  Emissions  of  PM,  NOx,  and  NMHC  were  not  affected  by 
operation  at  altitude.  Emissions  of  CO  were  slightly  increased  at 
altitude.  Emissions  from  this  engine  are  below  all  current  or 
proposed  standards  for  heavy  duty  engines  on  all  fuels  tested  at 
both  high  and  low  altitudes.  Agarwal  and  Assanis  [59]  numerically 
investigated  the  effect  of  natural  gas  composition  on  ignition  delay 
by  using  detailed  and  reduced  chemical  kinetic  mechanisms.  They 
analyzed  three  different  blends  of  natural  gas  at  pressures  and 
temperatures  that  are  typical  of  top  dead  center  conditions  in 
compression  ignition  engines.  Their  computations  results  revealed 
a  strong  dependence  of  ignition  delay  on  natural  gas  composition, 
with  pure  methane  having  the  highest  delay,  followed  by  blends 
with  increasing  percentages  of  higher  hydrocarbons. 

Nigro  et  al.  [60]  tested  different  gaseous  fuel  compositions 
available  in  Brazil  to  evaluate  performance,  exhaust  emissions  and 
knock-limited  spark  timing  in  a  Mercedes  Benz  M366G  gas  engine. 
The  experimental  results  were  correlated  with  methane  and 
Wobbe  numbers  calculated  from  the  gas  composition.  They 
showed  that  the  Wobbe  number  of  the  gas  is  the  most  important 
fuel  property  among  those  influencing  emissions  and  performance 
of  lean-burn  engines  that  use  open  loop  fuel  metering  systems.  On 
the  other  hand,  the  methane  number  did  not  affect  the  perfor¬ 
mance  and  emissions  so  significantly  as  the  Wobbe  number,  as 
long  as  its  value  is  high  enough  to  avoid  knocking.  Mbarawa  [61] 
investigated  numerically  the  combined  effect  of  natural  gas 
composition  and  pilot  diesel  fuel  injection  pressure  on  the  dual¬ 
fuel  (DF)  combustion  of  the  NG-air  mixture  under  constant- 
volume  conditions.  The  used  four  NG  compositions  with  air 
ignited  by  the  pilot  diesel  spray  injected  at  the  different  injection 
pressure  and  showed  that  an  increase  of  ethane  in  the  NG  mixture 


leads  to  an  increase  in  the  NG  burning.  Furthermore,  higher 
injection  pressure  improves  the  DF  combustion  processes  and 
the  pilot  diesel  fuel  spray  should  be  injected  at  higher  pressure 
while  the  low-level  ethane  concentration  in  the  NG  composition 
should  be  kept  as  high  as  possible. 

Feist  [62-64]  performed  a  series  of  experimental  investigations 
to  determine  the  feasibility  of  operating  heavy-duty  natural  gas 
engines  over  a  wide  range  of  fuel  compositions  by  evaluating 
engine  performance  and  emission  levels.  Heavy-duty  compressed 
natural  gas  engines  from  various  engine  manufacturers,  spanning 
a  range  of  model  years  and  technologies  including  a  2007  model 
year  Cummins  ISL  G,  a  2006  model  year  Cummins  C  Gas  Plus,  a 
2005  model  year  John  Deere  6081H,  a  1998  model  year  Cummins 
C  Gas,  and  a  1999  model  year  Detroit  Diesel  Series  50G  TK 
were  evaluated  using  a  diversity  of  fuel  blends.  Performance  and 
regulated  emission  levels  from  these  engines  were  evaluated  using 
natural  gas  fuel  blends  with  varying  methane  number  ranged  from 
MN  75  to  MN  100.  The  authors  found  that  all  lean  burn  engines 
showed  increased  NOx  and  HC  emissions  with  higher  WN  fuels, 
while  the  stoichiometric  engines  showed  no  clear  trends  for  NOx 
or  HC  emissions  with  the  various  fuels.  They  also  found  that  PM 
and  CO  emissions  showed  no  strong  trends  with  MN  or  WN,  and 
that  low  WN  fuels  resulted  in  greater  fuel  consumption. 

Kim  et  al.  [30]  corroborated  the  effect  of  fuel  composition  on 
the  combustion  and  emission  characteristics  of  a  CNG  engine, 
retrofitted  from  an  IDI  diesel  engine.  They  used  six  different  gas 
compositions  as  depicted  in  Table  4.  They  showed  that  the  CNG 
composition  had  a  significant  influence  on  engine  performance, 
fuel  economy,  and  burning  rate.  They  also  found  that  there  are 
many  other  factors  (e.g.  spark  timing)  beyond  fuel  composition 
that  affect  the  combustion  and  emission  characteristics  of  a  CNG 
engine.  If  such  factors  could  be  controlled,  the  WN  could  be  used 
to  understand  how  those  characteristics  change  depending  on  the 
change  in  fuel  composition. 

As  shown  in  Fig.  5,  the  power  and  torque  varies  as  a  function  of 
the  engine  speed  (RPM)  and  fuel  composition.  The  maximum 
torque  for  all  gases  was  observed  at  an  engine  speed  of  2200  RPM. 
It  should  also  be  noted  that  the  torque  data  at  both  high  and 
low  RPM  values  varied  significantly  with  gas  composition.  Like¬ 
wise,  the  maximum  power  was  observed  at  an  engine  speed 
of  3400  RPM. 

As  can  be  seen  in  Fig.  6,  the  BSFC  increases  for  all  of  the  gases  as  the 
engine  speed  increases.  The  BSFC  is  expected  to  be  inversely  propor¬ 
tional  to  the  WI  values  of  the  gas.  Moreover,  regarding  the  relationship 


Table  4 

Compositions  and  properties  of  test  fuels  [30], 


Gas  A 

Gas  B 

Gas  C 

Gas  D 

Gas  E 

Methane  gas  F 

ch4 

87.6 

90.09 

91.64 

93.49 

96.96 

100 

c2h6 

8.4 

6.04 

1.93 

5.08 

2.6 

0 

c3h8 

3.48 

2.54 

5.65 

1.16 

0.3 

0 

i-C4Hio 

0.42 

0.54 

0.16 

0.08 

0.07 

0 

n-C4H10 

0.54 

0.58 

0.1 

0.11 

0.05 

0 

i-C5H12 

0.02 

0.02 

0 

0.01 

0.01 

0 

n-C5H12 

0.01 

0 

0 

0.01 

0 

0 

n2 

0.07 

0.19 

0.42 

0.06 

0.01 

0 

Propylene 

- 

- 

0.1 

- 

- 

- 

Total 

100 

100 

100 

100 

100 

100 

HHV 

10835.3 

10549.8 

10500.8 

10096.4 

9781.3 

9523.4 

LHV 

9798.5 

9532.3 

9487.3 

9109 

8814.8 

8574.1 

SG 

0.645 

0.627 

0.626 

0.594 

0.573 

0.555 

WN 

12201 

12,040 

11,991 

11,814 

11,650 

11,510 

CP 

42.1 

41.5 

40.7 

41.4 

40.8 

40.3 

MON 

118.8 

121.9 

122.1 

125.3 

134.3 

140 

MN 

68.3 

72.7 

73.1 

77.7 

90.7 

100 

Density 

0.834 

0.81 

0.809 

0.769 

0.74 

0.717 
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between  THC  emissions  and  WI,  THC  emissions  increase  with  a 
decrease  in  WI.  Fig.  6(c)  demonstrates  that  NO*  emissions  increase 
with  increasing  engine  speed  for  all  fuels  due  to  the  activation  of 


Engine  speed  (RPM) 

Fig.  5.  Effect  of  gas  composition  on  the  CNG  engine  power  and  torque  character¬ 
istics  at  WOT  condition  [30], 


a 


combustion.  The  NO*  emissions  rate  can  also  be  correlated  with  WN, 
since  the  gas  temperature  is  related  to  the  WN.  The  lowest  overall  NO* 
emissions  rate  over  the  whole  RPM  range  was  observed  with  Gas  D, 
which  may  be  attributable  to  the  relatively  precise  spark  timing.  It  was 
also  found  that  emission  characteristics  at  partial  load  are  affected  by 
the  WN,  fuel  composition,  spark  timing,  and  burning  velocity. 

McTaggart-Cowan  et  al.  [65]  added  ethane  or  nitrogen  to  a 
gaseous  fuel  to  study  their  effects  on  the  ignition  and  combustion 
of  a  non-premixed  high-pressure  methane-air  jet.  The  results 
were  used  to  interpret  the  performance  of  a  pilot-ignited  natural 
gas  engine  fueled  with  similar  fuels.  They  showed  that  the 
influence  of  the  additives  on  the  gaseous  jet  ignition  process  is 
relatively  small,  but  they  have  a  greater  effect  on  the  research 
engine,  where  both  fuels  have  similar  influences  on  the  spatial 
relationship  between  the  gaseous  jet  and  the  pilot  flame.  They 
further  investigated  the  implications  of  natural-gas  composition 
on  the  combustion  in  a  heavy-duty  natural-gas  engine  and  on  the 
associated  pollutant  emissions.  They  reported  the  effects  of  adding 
ethane,  propane,  hydrogen,  and  nitrogen  to  the  fuel.  Their  results 
indicated  that  these  additives  had  no  significant  effect  on  the 
engine's  power  or  fuel  consumption.  Emissions  of  unburned  fuel 
were  reduced  for  all  additives  through  either  enhanced  ignition  or 
combustion  processes.  Black  carbon  particulate  matter  emissions 
were  increased  by  ethane  and  propane,  but  are  virtually  elimi¬ 
nated  by  including  nitrogen  or  hydrogen  in  the  fuel  [66], 


b 


c 


Fig.  6.  Effect  of  fuel  composition  and  engine  speed  on  (a)  BSFC;  (b)  THC  emissions;  (c)  NOx  emissions  at  partial  load  [30]. 
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Vavra  et  al.  [67]  computationally  and  experimentally  investi¬ 
gated  the  influence  of  various  levels  of  hydrocarbons  and  hydro¬ 
gen  in  a  mixture  with  methane  at  full  load  and  different  engine 
speeds  on  a  light  duty  turbocharged  stoichiometric  spark  ignited 
truck  engine  with  a  wastegate  turbocharger  and  cooled  exhaust 
gas  recirculation  (EGR).  Fig.  7  shows  the  relative  change  in  BMEP, 
thermal  brake  efficiency,  specific  C02  emissions  and  effective 
on-board  energy  (EOBE)  using  isolines  of  constant  knock  intensity 
of  2  V.  Due  to  the  necessary  retarding  of  the  spark  at  medium 
engine  speed,  the  engine  power  and  efficiency  drop  with  increas¬ 
ing  fraction  of  fuel  additive  for  all  cases.  This  retarded  ignition 
timing  causes  a  decrease  in  engine  efficiency  even  at  low  load. 
Therefore,  knock  resistance  is  a  very  important  quality  of  a  fuel. 

Karavalakis  et  al.  [68,69]  conducted  further  investigations  on  the 
impact  of  varying  natural  gas  composition  on  exhaust  emissions 
from  a  waste  hauler  equipped  with  a  Cummins  8.3 L,  C  Gas  Plus,  lean 
burn,  spark  ignited  natural  gas  engine  and  an  oxidation  catalyst 
while  operated  on  the  William  H.  Martin  Refuse  Truck  Cycle  (RTC) 


on  a  chassis  dynamometer  as  well  as  a  bus  fitted  with  the  same 
engine  over  the  central  business  district  (CBD)  cycle.  The  vehicle 
was  tested  on  seven  different  fuel  gas  blends  with  vaiying  compo¬ 
sitions  of  light  hydrocarbon  species  and  inerts  (Table  5),  resulting  in 
different  properties  in  terms  of  MN  and  WN.  They  realized  that  the 
higher  hydrocarbon  gases  exhibited  higher  fuel  economy  and  C02 
emissions.  They  reported  that  NOx  emissions  were  also  impacted  by 
fuel  composition,  and  increased  for  gases  with  higher  levels  of 
heavier  hydrocarbons.  THC,  CH4,  CO,  PM,  and  particle  number 
emissions  all  showed  some  reductions  for  the  gases  with  higher 
hydrocarbons,  higher  WNs,  and  higher  energy  content. 

Their  results  are  illustrated  in  Fig.  8.  They  indicated  that  the 
higher  WN  test  gases  exhibited  higher  fuel  economy  on  an 
energy  equivalent  basis  compared  to  the  CNG1,  CNG2,  and  CNG7 
blends.  Significant  increases  in  fuel  economy  were  also  observed 
comparing  CNG3,  CNG4,  and  CNG6  gases  to  CNG1,  CNG2,  and 
CNG7.  The  results  for  C02  emissions  showed  all  of  the  fuel  gas 
blends  exhibited  statistically  significant  increases  in  C02  emissions 
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Fig.  7.  Comparison  of  effect  of  various  fuels  addition  on  engine  performance  and  specific  C02  emissions,  plots  of  constant  knock  intensity  [67]. 


Table  5 

Main  properties  of  the  natural  gas  fuels  [68]. 


Gas# 

Description 

Methane 

Ethane 

Propane 

I-butane 

n2 

n 

O 

MN 

WN 

HHV 

H/C  ratio 

1 

Texas  pipeline  (baseline  gas) 

96 

1.8 

0.4 

0.15 

0.7 

0.95 

99 

1339 

1021 

3.94 

2 

Rocky  mountain  pipeline  (baseline  gas) 

94.5 

3.5 

0.6 

0.3 

0.35 

0.75 

95 

1361 

1046 

3.89 

3 

Peruvian  LNG 

88.3 

10.5 

0 

0 

1.2 

0 

84 

1385 

1083 

3.81 

4 

Middle  East  LNG-untreated 

89.3 

6.8 

2.6 

1.3 

0 

0 

80 

1428 

1136 

3.73 

5 

Associated  high  ethane 

83.65 

10.75 

2.7 

0.2 

2.7 

0 

75.3 

1385 

1115 

3.71 

6 

Associated  high  propan 

87.2 

4.5 

4.4 

1.2 

2.7 

0 

75.1 

1385 

1116 

3.70 

7 

L-CNG  fuel 

98.4 

1.2 

0.3 

0 

0 

0 

103.1 

1370 

1029 

3.96 
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Fig.  8.  (a) 

emissions, 


Average  C02  emissions,  (b)  average  fuel  economy/consumption,  on  a  gasoline  gallon  energy  equivalent  gallon  basis,  (c)  average  NOx.  emissions,  (d)  average  CO 
(e)  average  THC  emissions,  (f)  average  PM  emissions  over  the  RTC  [68], 


compared  to  the  baseline  CNG1  and  CNG7.  Emissions  of  NOx  are  a  key 
concern  for  heavy-duty  engines  and  can  be  affected  by  the  MN  and 
the  WN.  Under  their  test  conditions,  fuel  composition  had  a  significant 
influence  on  NO*  emissions,  as  shown  in  Fig.  8(c).  Generally,  NO* 
emissions  demonstrated  an  increase  as  MN  was  decreased  and  WN 
was  increased  during  ail  the  RTC.  Their  results  are  in  line  with  data 


reported  in  previous  publications  showing  that  NO*  emissions 
increased  with  the  mixture  energy  content.  As  shown  in  Fig.  8(d), 
it  is  evident  that  CO  emissions  were  generally  higher  with  CNG4, 
CNG5,  and  CNG6  gases  when  compared  to  other  blends.  Also,  THC 
emissions  followed  the  same  pattern  as  depicted  in  Fig.  8(e).  The  gases 
containing  higher  hydrocarbons  and  having  lower  methane  numbers, 
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such  as  CNG3,  CNG4,  CNG5,  and  CNG6,  produced  lower  THC  emissions 
than  the  baseline  CNG1  and  CNG2  and  CNG7  gases. 

A  major  source  of  PM  in  natural  gas  engines  is  the  engine 
lubricating  oil.  In  addition,  fuel  composition  and  molecular  struc¬ 
ture  influence  PM  emissions.  Natural  gas  is  a  gaseous  fuel,  unlike 
gasoline  and  diesel,  which  more  readily  mixes  during  combustion, 
reducing  the  formation  of  fuel-rich  zones.  Hence,  its  combustion 
will  likely  produce  the  lowest  PM  emissions  levels.  They  measured 
PM  mass  emissions  for  the  RTC  and  it  was  very  low,  as  shown  in 
Fig.  8(f).  Considerable  reductions  in  PM  emissions  were  found  for 


CNG4,  CNG5,  and  CNG6  compared  to  CNG1,  CNG2,  and  CNG7. 
CNG3  also  demonstrated  statistically  significant  reductions  rela¬ 
tive  to  CNG1  and  CNG2,  but  not  compared  to  CNG7.  This  was 
consistent  with  the  trends  seen  for  CO  and  THC  emissions  on  the 
waste  hauler,  with  the  gases  with  higher  hydrocarbons  resulting  in 
PM  reductions,  while  the  gases  with  high  methane  numbers 
resulting  in  higher  PM  levels  [68], 

Hajbabaei  et  al.  [70]  studied  the  effects  of  varying  natural  gas 
composition  on  the  exhaust  emissions  from  different  technology 
transit  buses.  They  used  two  CNG  buses  equipped  with  lean  burn 


Table  6 

Different  blends  of  natural  gas  [77]. 


Gas  A 

Gas  B 

Gas  C 

Gas  D 

Gas  E 

Gas  F 

ch4 

100 

99 

97.5 

95.85 

90.6 

88.7 

c2h6 

0 

0 

2 

3.44 

6.54 

7.2 

c3h8 

0 

1 

0.5 

0.71 

2.66 

3.6 

n2 

0 

0 

0 

0 

0.2 

0.5 

Molar  weight 

16.04 

16.32 

16.46 

16.72 

17.73 

18.12 

LHV  (MJ/kg) 

50.03 

49.93 

49.89 

49.80 

49.35 

49.02 

SG 

0.553 

0.563 

0.568 

0.577 

0.612 

0.626 

WN 

43.81 

44.11 

44.26 

44.53 

45.43 

45.63 

Note 

Pure  methane 

Methane/propane  blend 

Methane/ethane  blend 

Common  in  USA 

Common  in  South  Korea 

Common  in  Iran 

a  b 


c 


CA.  ATDC 

Fig.  9.  Pressure  trend  near  TDC  for  different  gas  fuels  at  different  initial  temperature  [77]. 
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combustion  and  oxidation  catalysts  (2004  John  Deere  8.1L  6081H 
and  2003  8.3L  Cummins  Westport  C-Gas  Plus),  and  one  stoichio¬ 
metric  CNG  bus  equipped  with  a  TWC  and  EGR  (Cummins 
Westport  ISL-G8.9L  engine)  were  tested  on  a  chassis  dynamometer 
over  the  CBD  cycle  on  six  different  gas  blends  each.  They  found 
that  for  the  lean  burn  buses,  gases  with  low  methane  contents 
exhibited  higher  NOx  and  NMHC  emissions,  but  lower  emissions  of 
THC,  CH4  and  formaldehyde  emissions.  The  stoichiometric  engine 
bus  with  a  TWC  showed  significantly  reduced  NO*  and  THC 
emissions  compared  to  the  lean  burn  buses,  but  did  show  higher 
levels  of  CO  and  NH3.  PM  mass  emissions  did  not  show  any  fuel 
effects,  while  particle  number  (PN)  emissions  exhibited  some 
reductions  for  the  higher  WN  gases. 

HCCI  is  a  type  of  premixed  compression  ignition  combustion 
that  has  been  shown  to  have  superior  characteristics  in  terms  of 
thermal  efficiency  due  to  lower  heat  transfer  losses  and  shorter 
combustion  durations,  and  reduced  engine  out  NOx  and  PM 
emissions  resulted  from  the  lean,  low  temperature  combustion 
process.  In  HCCI,  the  fuel  and  air  mixture  is  prepared  externally 
from  the  cylinder  and  is  inducted  as  a  homogeneous  charge.  Then, 
the  homogenous  mixture  is  subjected  to  the  appropriate  initial 
thermodynamic  conditions  as  a  function  of  engine  speed,  equiva¬ 
lence  ratio,  inlet  temperature  and  pressure.  Afterwards,  auto¬ 
ignition  occurs  across  the  entire  cylinder  [71-73].  Natural  gas  is 
well-suited  to  the  HCCI  combustion  concept  because  of  minimal 
mixture  preparation  requirements  and  chemical  stability  [74], 

Although  HCCI  combustion  has  attracted  the  researchers  in  the 
last  decade,  a  few  research  works  have  been  published  in 
the  literature.  Fiveland  et  al.  [75]  studied  the  influence  of  natural 
gas  composition  on  engine  operation  both  experimentally  and 
through  chemical  kinetic  based  cycle  simulation.  A  range  of  two 
component  gas  mixtures  has  been  tested  with  methane  as  the 
base  fuel.  For  each  fuel  mixture,  the  start  of  combustion  was 
phased  TDC  and  then  the  inlet  mixture  temperature  was  reduced. 
Their  reported  results  clearly  demonstrate  the  ability  of  a  thermo- 
kinetic,  single-zone  model  to  capture  the  fuel  composition 
effects  seen  in  the  experiments.  Flowers  et  al.  [76]  examined  the 
effect  of  natural  gas  composition  on  HCCI  combustion,  and  then 
explored  three  control  strategies  for  HCCI  engines:  DME  (dimethyl 
ether)  addition,  intake  heating  and  hot  EGR  addition.  They  showed 
that  HCCI  combustion  is  sensitive  to  natural  gas  composition,  and 
an  active  control  may  be  required  to  compensate  for  possible 
changes  in  composition.  In  addition,  each  control  strategy  has 
been  evaluated  for  its  influence  on  the  performance  of  an 
HCCI  engine 

The  influence  of  natural  gas  composition  on  engine  operation 
in  HCCI  mode  was  studied  by  Jahanian  and  Jazayeri  [77],  Six 
different  compositions  of  natural  gas  (Table  6)  have  been  con¬ 
sidered  to  study  the  engine  performance  via  a  thermo-kinetic 
zero-dimensional  model.  Their  results  indicated  that  the  peak 
value  of  pressure/temperature  of  in-cylinder  mixture  is  dependent 
of  fuel  WN.  Furthermore,  engine  gross  indicated  power  was 
linearly  related  to  fuel  WN.  Gross  indicated  work,  gross  mean 
effective  pressure,  and  NOx  were  the  other  parameters  utilized  to 
compare  the  performance  of  engine  using  different  fuel  com¬ 
positions. 

Fig.  9  shows  pressure  trend  near  TDC  for  different  fuel  types  in 
three  different  initial  temperatures.  Although  the  main  component 
of  NG  is  methane,  but  usually  the  start  of  combustion  in  NG 
HCCI  engines  depends  on  other  components  such  as  ethane  and 
propane,  which  ignites  earlier  in  lower  temperature.  Existence  of 
heavier  hydrocarbons  in  NG  leads  to  auto-ignition  in  such  a 
condition  that  pure  methane  does  not  ignite.  This  figure  shows 
that  while  fuels  with  high  content  of  methane  (Gases  A-C)  do  not 
ignite;  other  fuels  that  have  more  ethane  and  propane  in  their 
composition  will  ignite.  By  increasing  initial  temperature,  all  fuels 


will  ignite  with  different  SOC.  It  can  be  concluded  that  fuels  with 
more  propane  contents  ignite  earlier. 

The  maximum  temperature  of  in-cylinder  mixture  for  different 
gas  fuels  at  different  engine  speeds  is  shown  in  Fig.  10.  Increasing 
engine  speed  causes  a  small  variation  in  the  maximum  tempera¬ 
ture/pressure  of  all  fuels  except  Gases  A  and  B,  which  show  a  sharp 
decrease  and  undergo  an  abnormal  late  combustion.  However,  it 
should  be  mentioned  that  the  engine  speed  variation  is  relatively 
small.  It  can  be  seen  that  there  is  a  meaningful  relation  between 
fuel  WN  and  the  value  of  maximum  pressure/temperature.  The 
fuels  with  higher  WN  ignite  earlier  and  have  higher  peak  in 
temperature/pressure  diagram.  By  increasing  engine  speed  from 
700  to  1100  RPM,  the  crank  angle  that  peak  pressure  occurs  at, 
changes  about  2.2  CA  for  Gas  F  but  Gas  A  has  wide  variation  of 
about  11.5  CA. 

Simulated  NOx  emission  from  the  engine  is  shown  in  Fig.  11. 
The  main  source  of  NOx  in  HCCI  engines  is  thermal  NOx;  so  it  is 
obvious  that  the  amount  of  NOx  is  directly  related  to  in-cylinder 
temperature  trend.  Two  parameters  affect  this  relation: 

-  maximum  cylinder  temperature: 

-  duration  of  high  temperature. 


Engine  speed  (RPM) 

Fig.  10.  Maximum  cylinder  temperature  for  different  gas  fuels  [77], 
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In  comparison  of  different  compositions,  the  first  parameter  is 
important.  The  fuels  with  high  WN  make  high  in-cylinder  tem¬ 
perature  and  therefore  higher  NOx  is  expected. 

Gross  indicated  power  shows  a  linear  relation  to  fuel  WN  at 
selected  range  of  engine  speed.  It  can  be  defines  as 

Engine  power  =  Cj  WN+C2  (5) 

It  is  practical  to  use  cubic  curve  fitting  in  order  to  acquire  the 
relation  between  C[-C2  and  engine  speed  (N)  [77], 

Ci  =0.004399(N/100)3-0.10272(N/100)2  +  0.81409(N/100) 
-2.1828 

C2  =  -  0.1 998(N/100)3  -  0.4.6655(N/1 00)2  -  36.309(N/1 00) 

+  98.584  (6) 

Table  7  summarizes  the  main  research  works  on  implication  of 
natural  gas  composition  in  ICEs. 


4.  Summary  and  conclusions 

A  detailed  review  of  the  influence  of  natural  gas  composition 
on  the  combustion  and  emission  characteristics  natural  gas  fueled 
internal  combustion  engines  were  presented  in  this  paper  and  the 
main  results  obtained  were  reported.  First  the  natural  gas  compo¬ 
sition  was  explained  and  the  required  information  was  described. 
Then,  the  effects  of  natural  gas  composition  on  the  performance 
and  emission  characteristics  of  SI,  Cl,  dual  fuel  and  HCCI  engines 
were  reviewed.  The  researchers  unanimously  stated  that  the 
principal  natural  gas  fuel  properties  were  the  heating  value,  the 
energy  density  per  cycle,  the  Wobbe  number,  methane  number, 
and  the  combustion  potential.  According  to  the  literature  review, 
the  majority  of  research  has  been  focused  on  lean  burn  SI  engines, 
which  are  currently  the  predominant  form  of  natural-gas  engines. 
In  SI  engines,  it  was  generally  described  by  the  researchers  that 
natural  gas  fuel  properties  have  a  clear  and  direct  effect  on  fuel 


Table  7 

Main  research  works  on  implication  of  natural  gas  composition  in  ICEs. 


Researchers 

(time) 

Experimental  equipment 
or  numerical  approaches 

Test  conditions 

Gas  compositions 

Research  objects 

Elder  et  al. 

[37] 

4  Cylinder,  four  stroke,  SI  engine 

Vehicles  have  been  run  on  a  chassis 
dynamometer  over  the  urban  cycle  of  NZS 
5420:1980  at  steady  speeds  of  50  km/h 
and  80  km/h 

Two  LPG  fuels  and  two 
CNG  fuels 

Fuel  consumption,  power  output 
and  pollutant  emissions 

Naber  et  al. 

[55] 

A  constant-volume  combustion  vessel  and  a 
fuel  injection  system 

CR:  23:1,  core  temperatures  from  900  to 
1600  K 

Four  NG  gas  compositions 

Auto-ignition  of  natural  gas 

Matthews 

GM  3/4-ton  pickup,  a  Ford  passenger  car 

All  tests  were  performed  using  the  Federal 

Four  different 

Effects  of  NG  composition  on 

et  al.  [40] 

and  a  full  size  Dodge  van 

Test  Procedure  (FTP)  driving  cycle 

compositions  of  NG 

emissions,  fuel  economy,  and 
driveability 

Agarwal 
et  al.  [59] 

Numerical  simulation  using  detailed  and 
reduced  chemical  kinetic  mechanisms 

- 

Three  different 
compositions  of  NG 

Effect  of  natural  gas  composition  on 
ignition  delay 

Lee  et  al. 

[42,43] 

DOHC  4  Cyl.  &  SOCH  4  Cyl. 

FTP-75  cycle 

Six  different  gas 
compositions 

Vehicle  performance  such  as  fuel 
economy,  driveability  and  exhaust 
emissions 

Caillol  et  al. 

Single-cylinder,  4  stroke,  SI  engine,  Bore: 

Wide-open  throttle  (WOT)  and  full  load 

Three  different 

Influence  of  the  fuel  mixture 

[45[ 

67  mm,  Stroke:  51  mm,  CR:  8.5:1  one-zone 
approach  using  CHEMKIN  II 

conditions  at  a  constant  speed 
(2000  RPM) 

compositions  of  CNG 

composition  on  mass  burn  rates  and 
burning  velocities 

Min  et  al. 
[44] 

1.5-L  gasoline  engine 

WOT  condition  with  the  engine  speeds  of 
2000  RPM  and  3500  RPM.  The  A/F  ratio 
and  spark  timing  were  controlled  to 
obtain  the  MBT  condition  for  each  gas  fuel. 

Eight  gas  compositions 

Engine  performance  and  emission 
characteristics 

Kim  et  al. 

[30J 

2.5  L,  4-cylinder  CNG  engine,  retrofitted 
from  an  IDI  diesel  engine 

WOT  and  the  partial  load  conditions, 

Spark  timing  on  the  MBT 

Six  gas  compositions 

Combustion  and  emission 
characteristics 

McTaggart- 
Cowan 
et  al. 

[65,66] 

Cummins  ISX  series  modified  for  single¬ 
cylinder  operation 

Mid-load  operating  condition,  EGR=30%, 
pilot  diesel  and  gaseous-fuel  rail  pressures 
were  constant  at  21  MPa 

Ten  gas  compositions 

Ignition  and  combustion  of  a  non- 
premixed  high-pressure  methane- 
air  jet,  combustion  in  a  heavy-duty 
natural-  gas  engine  pollutant 
emissions 

Feist  et  al. 
[64] 

2007  Model  year  Cummins  ISL  G,  a  2006 
model  year  Cummins  C  Gas  Plus,  a  2005 
model  year  John  Deere  6081 H,  a  1998 
model  year  Cummins  C  Gas,  and  a  1999 
model  year  Detroit  Diesel  Series  50G  TK 

Engines  were  operated  in  a  durability  test 
cell  for  engine  break-in  and  catalyst  aging 
as  well  as  a  transient  test  cell  for 
performance  and  emissions  testing. 

Five  gas  compositions 

Effect  of  gas  composition  on  engine 
performance,  as  well  as  engine 
power  levels,  overall  engine 
operability  and  exhaust  emissions 

Varva  et  al. 

[67] 

Avia,  four  cylinder,  4  stroke,  Cl  engine,  Bore: 
102  mm,  Stroke:  120  mm,  CR:  12:1 

Full  load  and  various  engine  speeds 

Mixtures  of  ethane, 
propane  and  butane  with 
a  pipeline  NG  within  the 
range  of  volumetric 
fractions 

Impact  of  fuel  composition  on 
engine  performance  by 
continuously  increasing  the 
concentration  of  a  single  additive 

Karavalakis 
et  al.  [51] 

2006  Model  year  Honda  Civic  GX  and  a 
2002  model  year  Ford  Crown  Victoria 

Federal  Test  Procedure  (FTP)  and  three 
Unified  Cycle  (UC) 

Seven  compositions 

Gaseous  pollutants,  fuel  economy, 
and  the  engine  power  output 

Jahanian 
et  al.  [77] 

Zero-dimensional  single  zone  thermo- 
kinetic  model  with  MATLAB® ,  CANTERA® 
module 

HCCI  combustion  mode 

Six  gas  compositions 

Combustion  pressure/temperature, 
gross  indicated  power  NOx 

Karavalakis 
et  al. 

[68,69] 

2003  Cummins  8.3L  C  Gas  Plus,  lean  burn 

William  H.  Martin  refuse  truck  driving 
cycle  and  central  business  district  (CBD) 
test  cycle 

Five  and  seven  gas 
compositions 

Gaseous  pollutants,  fuel  economy, 
and  the  engine  power  output 

Hajbabaei 
et  al.  [70] 

2004  John  Deere  8.1  L  6081 H  and  2003  8.3L 
Cummins  Westport  C-Gas  Plus  and 

Cummins  Westport  ISL-G8.9L  engine 

central  business  district  (CBD)  cycle 

Six  gas  compositions 

Exhaust  emissions 

Kakaee  et  al. 

[52] 

1-D  simulation  using  GT-POWER 

WOT  and  full  load  conditions  at  varying 
engine  speed 

Six  gas  compositions 

Combustion  and  emission 
characteristics 
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economy  and  some  emissions,  such  as  C02  and  NMHC,  but  not  for 
other  emission,  such  as  THC,  NO*,  and  CO.  The  fuel  economy  was 
proportional  to  lower  heating  value  of  stoichiometric  unit  mixture. 
The  results  obtained  highlighted  that  the  gases  with  the  higher 
energy  contents  provided  better  fuel  economy  on  a  volumetric 
basis  and  some  higher  power  levels.  Regarding  the  tailpipe 
emissions,  effects  of  gas  composition  on  CO,  NO*,  and  THC 
emissions  did  not  show  a  clear  trend.  THC  decreased  with 
increasing  WI  and  CP.  On  the  other  hand,  it  was  observed  that 
C02,  CO,  NOx  increases  as  Wl  and  CP  increase.  On  contrary,  some 
researchers  reported  that  THC,  CH4,  CO,  PM,  and  particle  number 
emissions  are  reduced  for  the  gases  with  higher  hydrocarbons, 
higher  Wobbe  numbers,  and  higher  energy  content.  In  addition, 
gas  composition  variation  had  a  negligible  effect  on  vehicle 
driveability. 

In  Cl  engines,  some  authors  reported  that  NO*  and  HC  emis¬ 
sions  were  increased  with  higher  Wobbe  number  fuels  and  PM 
and  CO  emissions  showed  no  strong  trends  with  Wobbe  number 
variation.  It  was  also  reported  that  the  in-cylinder  pressure  was 
proportional  to  the  Wl  and  exhaust  emission  characteristics  were 
affected  by  the  Wl,  fuel  composition,  spark  timing,  and  burning 
velocity.  Furthermore,  it  was  indicated  that  adding  ethane,  pro¬ 
pane,  hydrogen,  and  nitrogen  to  the  fuel  had  no  significant  effect 
on  the  engine's  power  or  fuel  consumption.  Emissions  of 
unburned  fuel  were  reduced  for  all  additives  and  PM  emissions 
were  increased  by  ethane  and  propane,  but  are  virtually  elimi¬ 
nated  by  including  nitrogen  or  hydrogen  in  the  fuel.  In  HCCI 
engines,  it  was  stated  that  the  peak  value  of  pressure/temperature 
of  in-cylinder  mixture  was  depending  on  fuel  WN  and  engine 
gross  indicated  power  was  linearly  related  to  fuel  WN.  Moreover, 
fuels  with  high  WN  make  high  in-cylinder  temperature  and 
therefore  higher  NO*  emissions. 

For  future  work,  there  is  a  need  for  detailed  experimental  and 
numerical  studies  of  natural  gas  composition  effects  in  ICEs 
particularly  in  advanced  combustion  engines  with  low  tempera¬ 
ture  combustion  (e.g.  dual  fuel  reactivity  controlled  compression 
ignition  combustion).  For  instance  the  turbulent  flame  speed, 
flame  propagation  characteristics,  and  emissions  generation  char¬ 
acteristics  of  natural  gas  at  various  operating  conditions  and  with 
combination  with  other  alternative  fuels  should  be  addressed.  The 
effects  of  inlet  conditions  such  as  EGR  or  hydrogen  (to  accelerate 
combustion  progress)  are  even  less  well  known  in  natural  gas 
fueled  engines.  Combinations  of  effects  of  different  performance 
parameters  (such  as  compression  ratio,  equivalence  ratio,  ignition 
timing  for  lean  burn  SI  engines  or  fuel-injection  timing  for  dual- 
fueled  Cl  engines  with  NG)  on  combustion  and  exhaust  emissions 
of  natural  gas  engines  are  not  well  known.  As  a  result,  there  must 
be  abundant  works  and  achievements  from  the  researches  on  this 
field  that  should  come  to  the  world  in  future. 
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